Abstract. The aim of this study was to demonstrate the cholesterol-lowering effect of electroacupuncture (EA) at the acupoint of Fenglong (ST40) in mice and to investigate its molecular mechanism by using genome-wide gene expression profile analysis. Mice with hypercholesterolemia induced by a high-cholesterol diet were randomly divided into EA at ST40 group (EG), EA at non-acupoint group (ENG), and simvastatin group (DG). A lipid profile of both the plasma and liver indicated that EA at ST40 had the same hypocholesterolemic effect as that of simvastatin, while EA at non-acupoint failed to produce the same effect. The global gene expression profile showed that EA at ST40 not only regulated the expression of genes which were directly involved in the cholesterol metabolism in the liver, but also significantly affected the expression of genes involved in signal transduction, transcription regulation, cell cycle, cell adhesion, immunity and stress. The gene expression pattern was further verified by real-time RT-PCR. The mechanism by which EA at ST40 regulated liver cholesterol metabolism is discussed. We conclude that the hypocholesterolemic effect is specific to EA at ST40 and not due to general electrical stimulation of muscles. The comprehensive gene expression profile analysis appears particularly useful in the search for EA-induced changes in cholesterol regulation.
Introduction
Hypercholesterolemia is a major risk factor for coronary heart disease, which is one of the leading causes of death in both men and women (1) . Drugs used to treat hypercholesterolemia include statins, bile acid sequestrants, fibric acids, and nicotinic acid (2) . Among these cholesterol-lowering drugs, statins are the safest and most effective. Although adverse effects of statins are generally mild and transient, more serious adverse effects, including myotoxicity, liver toxicity, and rhabdomyolysis, are still possible with statin monotherapy and are more common in patients receiving concomitant therapy with other drugs metabolized by the cytochrome P-450 pathway (3) .
Alternative therapies have received wide attention recently (4) . Among these, acupuncture therapy has more than two thousand years of history in Traditional Chinese Medicine. Acupuncture and electroacupunture (EA) have been applied with great success to regulate blood lipids in patients with lipid metabolism disorders (5) (6) (7) (8) . For instance, acupuncture at ST40 significantly reduces the serum total cholesterol (TC) and low-density lipoprotein cholesterol (LDL-c) levels in patients with hypercholesterolemia (9) . Moreover, the success of acupuncture on treating hyperlipemia has also been verified by animal experiments. Acupuncture at ST40 could markedly decrease the levels of TC, LDL-c and total triglycerides (TG) in the rat model of hyperlipemia (10, 11) . The State Administration of Traditional Chinese Medicine of People's Republic of China is compiling an encyclopedia of acupoints with proven functions (http://www.satcm.gov.cn/). The treatment of hypercholesterolemia by acupuncture at ST40 has been ingathered in the encyclopedia. However, the molecular mechanism by which EA at ST40 exerts hypocholesterolemic effects remains unclear.
The aim of this study was to investigate potential molecular mechanism of the hypocholesterolemic effects by EA at ST40 by establishing a mouse model of hypercholesterolemia and utilizing high-density cDNA microarrays for genome-wide gene expression profile analysis. cDNA microarray studies have been used in researching the retardation effect of EA on aging in senescence-accelerated mice (12) and the protective effects of EA against cerebral ischemia in monkeys (13) . We compared the hypocholesterolemic effect of EA at ST40 with those of EA at non-acupoint and simvastatin treatment by plasma lipid profile and cDNA microarray analysis. We present evidence suggesting that EA at ST40 exerts hypocholesterolemic effects through distinct molecular mechanisms.
Materials and methods
Experiment design. An overview of the experiment design is provided in Fig. 1 .
Animal treatment. Male C57BL/6j mice, aged 13 weeks and weighing about 29 g, were obtained from the Shanghai Laboratory Animal Center, Chinese Academy of Sciences, P.R. China. These mice were maintained in the experimental animal center of Chengdu University of Traditional Chinese Medicine. They were housed collectively (four per cage) in an air-conditioned room (22±2°C) with a 12-h light/dark cycle and with free access to food and water. All animal treatments were performed in accordance with institutional guidelines from the Animal Care Committee of the Chengdu University of Traditional Chinese Medicine.
After 1 week of adaptation, 9 mice were randomly selected for sacrifice under isoflurane anesthesia. Blood plasma was obtained by retroorbital bleeding into heparinized tubes and biochemical analyses were carried out using an automated enzymatic assay (Hitachi 7170A automatic analyzer, Japan), including measurements for plasma total-, LDL-, and high density lipoprotein (HDL)-cholesterol; TG; total protein (TP); album (ALB); globin (GLOB); album/globin (A/G); glucose; creatinine (Crea); nitrogen urea (Bun); aspartate aminotransferase (AST); and alanine aminotransferase (ALT).
The other mice were divided randomly into two groups: a normal group and a hypercholesterolemic diet (HD) group. The normal group (n=9) were fed ad libitum with standard laboratory chow. The HD group (n=36) were fed ad libitum a hypercholesterolemic diet (HD) containing 75% chow, 10% coca butter, 2% cholesterol (Amresco, lot: 2551A82 CAS 57-88-5), and 0.2% deoxycholic acid sodium salt (Amresco, lot: 0613). Blood was obtained from mice who fasted for 16 h by retroorbital bleeding under isoflurane anesthesia after 2 weeks. Plasma cholesterol and triglyceride levels were determined using an automated enzymatic assay as described above. Mice in the HD group with higher plasma cholesterol were assigned as hypercholesterolemia mice (n=36). Their average plasma total cholesterol was 6.87±0.36 mM, 2.37 times that of the normal group (2.89±0.27 mM). The hypercholesterolemia mice were then divided randomly into the following four groups (n=9 for each group): EA at ST40 group (EG), EA at non-acupoint group (ENG), drug group (DG) serving as the positive control and model group (MG) which received no further treatment serving as the negative control. These four groups were fed HD continuously. The mice of DG were given i.g. 0.3 g/l simvastatin 0.2 ml (Merck & Co., Inc., Whitehouse Station, NJ, USA) once a day. The mice of EG started EA treatment at ST40, whereas the mice of ENG started EA at non-acupoint in the meantime.
The acupoint of Fenglong. One unit in acupuncture is defined as 1/14 of the distance between the top of the xiphoid process and the upper crest of pubis bond (14) . According to the Atlas of Animal Points made by the Institute of Experimental Acupuncture Research of China, the Fenglong acupoint is on the outside of crus, 8 units above the outer top of the ankle and 1 unit apart from the front of the cannon bone. Another two points were also stimulated as non-acupoint control: each point was inserted in parallel at 2 units beside the peak in the buttock, respectively.
Electroacupuncture (EA).
A sterile acupuncture needle of 0.5 inches in length (Suzhou medical instruments factory, Suzhou, P.R. China) was inserted into the muscle layer at the selected acupoint to a depth of 2 mm. The left Fenglong acupoint was connected to the positive charge and the right one to the negative charge of a pulse generator (G6805-2, Shanghai Medical Electronic Apparatus Company, P.R. China) which emits dense-sparse waves (dense wave: 18 Hz, 0.5 mA, duration time 1.05 sec; sparse wave: 3.85 Hz, 0.5 mA, duration time 2.85 sec). EA treatment lasted 20 min per session and was performed at 8:00-9:00 am. For EG and ENG mice, EA treatment started on the 16th day and lasted 2 weeks. EA was performed daily except the 18th, 22nd, 26th, and 27th day. The purpose of having a rest on these days was to avoid stimulation tolerances. Male C57BL/6j mice were divided randomly into two groups: a normal group (NG), and a hypercholesterolemic diet group (HDG). NG (n=9) were fed with standard laboratory chow and HDG (n=36) were fed a hypercholesterolemic diet (HD) containing 75% chow, 10% coca butter, 2% cholesterol, and 0.2% deoxycholic acid sodium salt. Plasma cholesterol and triglyceride levels were determined after 2 weeks in NG and HDG mice. Mice in the HDG with higher plasma cholesterol were assigned as hypercholesterolemia mice (n=36). These hypercholesterolemia mice were then divided randomly into the following four groups (n=9 for each group): EA at ST40 group (EG), EA at non-acupoint group (ENG), drug group (DG) serving as the positive control and model group (MG) which received no further treatment serving as the negative control. These four groups were fed HD continuously. The mice of DG were given i.g. 0.3 g/l simvastatin 0.2 ml once a day. The mice of EG started EA treatment at ST40, whereas the mice of ENG started EA at non-acupoint in the meantime. EA treatment lasted 20 min per session and was performed at 8:00-9:00 am. For EG and ENG mice, EA treatment started on the 16th day and lasted 2 weeks. EA was performed daily except the 18th, 22nd, 26th, and 27th day. At the end of the 30-day experimental duration, the mice were fasted overnight and sacrificed. Blood was obtained for biochemical analysis. Livers were quickly excised and dissected for different purposes. Parts of the right leaflets of liver tissues were stored at -20˚C for later lipid extraction. The left leaflets of liver tissue were soaked in RNA Later for total RNA isolation. Microarray analysis and real-time quantitative PCR were then performed.
At the end of the 30-day experimental duration, the mice were fasted overnight and sacrificed after blood was obtained by retroorbital bleeding under isoflurane anesthesia. Livers were quickly excised and dissected for different purposes. Parts of the right leaflets of liver tissue were stored at -20˚C for later lipid extraction. The left leaflets of liver tissue were soaked in RNA Later (Ambion, Austin, TX, USA) for total RNA isolation.
Lipid analysis in liver. Total lipids from the livers were extracted and purified according to Folch et al (15) . The total cholesterol and total triglyceride in the liver were determined as clinic samples by an automated enzymatic assay as described above.
Statistical analyses. All concentration was given as mean ± SEM. Group comparisons were made by analysis of variance (ANOVA) and the Student-Newman-Keuls test. p-values <0.05 were considered statistically significant.
RNA extraction. RNA was extracted with Trizol reagent (Invitrogen, Gaithersburg, MD, USA) and further purified with an RNeasy mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. The RNA quality was assessed by formaldehyde agarose gel electrophoresis and quantitated spectrophotometrically. The mRNA sample for chip hybridization was prepared by mixing the mRNA samples of every mouse from the same group in equal quantities.
Construction of mouse genome oligonucleotide microarray.
The mouse genome oligonuleotide microarray was constructed at Capitalbiochip Corporation (Beijing, P.R. China). In brief, a Mouse Genome Oligo Set Version 2.0 consisting of 5'-amino-modified 70-mer probes representing 16,463 wellcharacterized M. musculus genes were purchased from Qiagen (http://oligos.qiagen.com/arrays/oligosets_overview. php). In addition to internal controls provided by the manufacturer, three 70-mers representing Arabidopsis genes were added as external controls. All nucleotides were dissolved in 50% DMSO to a final concentration of 40 μM and printed on amino silaned glass slides. Arrays were fabricated by using an OmniGrid™ microarrayer (Genomic Instrumentation Services, Inc, San Carlos, CA, USA). After printing, the slides were baked for 1 h at 80˚C and stored dry at room temperature till use.
Prior to hybridization, the slides were rehydrated in 65˚C water for 10 sec, snap dried on a 100°C heating block for 5 sec and UV cross-linked at 250 mJ/cm 2 . The unimmobilized oligonucleotides were washed off with 0.5% SDS for 15 min at RT and SDS was removed by dipping the slides in anhydrous ethanol for 30 sec. The slides were spin-dried at 1000 rpm for 2 min.
Preparation of fluorescent dye-labeled DNA and hybridization. Fluorescent dye (cy5 and cy3-dCTP)-labeled DNA was produced through single primer amplification (SPA) reaction (16) . Briefly, double-stranded cDNA was synthesized using a template of 2 μg total RNA and a cDNA synthesis system kit according to the manufacturer's recommended protocol (Takara, Dalian, P.R. China). A modified oligonucleotide (5'-CTC TCA AGG ATC TTA CCG CTT TTT TTT TTT TTT TTTV-3') was used in place of a poly-T primer provided in the kit (17) .
After completion of cDNA synthesis, double-stranded cDNA was purified with a PCR purification kit (Qiagen), and the final cDNA was eluted in a 60 μl elution buffer. SPA was performed with 15 μl of the eluted DNA as a template and a heel primer (5'-CTC TCA AGG ATC TTA CCGC-3'), and subsequently purified as described earlier and resuspended in 20 μl H 2 O. SPA products were labeled with the Klenow labeling kit (Takara) according to a published protocol. Briefly, the above 10 μl SPA product was mixed with 2 μg random nonamer oligonucleotides. The template and primer solution were heated to 95˚C for 3 min and snap-cooled on ice. dNTP and Cy5-dCTP or Cy3-dCTP (Amersham Pharmacia Biotech, Inc., Piscataway, NJ, USA) were added at a final concentration of 120 μM each of dATP, dGTP, dTTP; 60 μM of dCTP; and 40 μM Cy-dye, respectively. The labeled DNA was purified with a PCR purification kit (Qiagen), resuspended in H 2 O and checked O.D. Labeled control and test samples were normalized based on the efficiency of the Cy-dye incorporation and mixed into 30 μl hybridization solution (3X SSC, 0.2% SDS, 25% formamide and 5X Denhart's). DNA in hybridization solution was denatured at 95˚C for 3 min prior to loading on a microarray chip. The chip was hybridized at 42˚C overnight and washed sequentially with two washing solutions (0.2% SDS, 2X SSC at 42˚C for 5 min, and 0.2% SSC for 5 min at room temperature).
Imaging and data analysis. Arrays were scanned with a ScanArray Express scanner (Packard Bioscience, Kanata, OT, USA), and obtained images were analyzed with GenePix Pro 4.0 (Axon Instruments, Foster City, CA, USA). A space and intensity-dependent normalization based on the Lowess program (18) was employed here.
The fluorescent dye reversals were performed to prevent confounding of fluorescent dye biases. The hybridization combinations were MG versus NG, MG versus EG, MG versus ENG, and MG versus DG. Spots whose ratio lay outside the 95% confidence interval were determined as significant differentially expressed genes. The significant differentially expressed genes were grouped into categories according to the Gene Ontology Consortium (http://www.geneontology.org/).
Real-time quantitative RT-PCR.
Total RNA was treated with DNase I to eliminate the traces of genomic DNA. Total RNA (2 μg) was employed to synthesize the first strand of cDNA in a 20 μl reverse transcription (RT) reaction, and 2 μl of RT product were used in PCR amplification using the LightCycle PCRs system (Roche Molecular Biochemicals, Mannheim, Germany) and the SYBR-Green I monitoring method. The relative expression ratio (R) of a target gene was calculated based on amplification efficiencies (E) and the crossing point (CP) deviation of an unknown sample versus a control, and expressed in comparison to a reference gene (19) :
(Etarget)
The MG RNA was used as control. The EG, NG and DG RNA was used as sample, respectively. The glyceraldehyde-INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 19: 617-629, 2007 3-phosphate dehydrogenase (GAPDH) gene was used as a reference gene after a pilot comparison between several housekeeping genes. The amplification efficiencies (E) of different target genes were calculated independently according to a statistic delimitation of the beginning of exponentially behaving observation in real-time PCR kinetics instead of utilizing 2 as a fixed amplification efficiency (20) . The target genes included two genes which were detected as differentially expressed genes in all microarray results: secretary leukocyte protease inhibitor (Slpi) and growth differentiation factor 15 (Gdf15); and the genes which were associated with the cholesterol metabolism in liver including liver X receptor · (LXR·), farnesoid X receptor (FXR), peroxisome proliferator activator · (PPAR·), cholesterol 7· hydroxlase (CYP7A1), HMG-CoA reductase (Hmgcr), sodium taurocholate cotransporting polypeptide (NTCP), organic anion transporting protein 1 (OATP-1), canalicular bile salt export pump (BSEP), scavenger receptor B1 (Scarb1), and LDL receptor (LDLR). The primer sequences of genes for real-time quantitative RT-PCR were as follows: LXR·-sense, 5'-CCC ACG GAT GCT AAT GAA G-3'; LXR·
Results and discussion
Effect of EA on plasma cholesterol levels. The level of plasma total cholesterol at the beginning of the experiment was 2.68±0.34 mM (n=9). Other plasma biochemical analyses suggested that the mice were healthy (Table I) . Two weeks after they were fed with the high cholesterol diet, the plasma total cholesterol levels in HD mice were markedly raised to 6.87±0.36 mM (n=36, p<0.01 compared with normal group), as shown in Table II . Thus, according to the guideline (21) , the hypercholesterolemia mouse model was successfully constructed. Table III lists the results of plasma biochemical analysis in all five groups of mice after the 16-day treatment. Remarkably, the levels of plasma total-, LDL-, and HDLcholesterol were significantly different among these five groups, while the total triglyceride level could not be statistically compared among these groups because of different variance. In contrast, the other biochemical parameters were not significantly different among these groups. The results indicated that EA or simvastatin specifically influenced the plasma lipid profile, and did not influence the normal liver and kidney function of the mice.
The increase in the plasma total-, LDL-, and HDLcholesterol levels in the MG mice were significant (p<0.01) compared with those in the NG mice (9.44±0.80 mM vs 2.77±0.44 mM; 2.36±0.20 mM vs 0.69±0.15 mM; and 6.87±0.74 mM vs 1.91±0.37 mM, respectively).
After the treatment, the levels of plasma total-, LDL-, and HDL-cholesterol were significantly reduced (p<0.01) in the EG mice compared with corresponding values in the MG mice (5.96±0.53 mM vs 9.44±0.80 mM; 1.61±0.26 mM vs 2.36±0.20 mM; and 4.56±0.22 mM vs 6.87±0.74 mM, respectively). Similarly, the levels of plasma TC, HDL-c, LDLc in the DG mice were also significantly lowered (p<0.01) (Fig. 2 ) compared with those in the MG mice (5.53±0.55 vs 9.44±0.80; 1.37±0.14 vs 2.36±0.20; and 4.19±0.55 vs 6.87±0.74, respectively). In conclusion, our results indicated that the hypercholesterolemic effect of EA stimulation at ST40 was similar to that of simvastatin.
The specific effect of EA stimulation at ST40 was contrasted by the lack of effect by similar EA stimulation at non-acupoint locations. As shown in Fig. 3 , the plasma total-, LDL-, and HDL-cholesterol concentrations in mice receiving EA stimulation at the non-acupoint did not change significantly when compared with corresponding values in the MG mice Table I . The biochemical analysis result of blood at the beginning of the experiment (n=9). Table II . The plasma total cholesterol and total triglyceride level in normal group and HD mice after two weeks.
2.89±0.27 a 6.87±0.36
Total triglyceride (mM) 0.76±0.14 0.83±0.09 Table III to compare the ENG group with the MG group). Therefore, the hypocholesterolmic effect is specific to EA at ST40 and not due to general electrical stimulation of muscles.
Effect of EA on liver lipid. Similar to its effect on plasma, the high cholesterol diet also changed the lipid profile in liver.
As shown in Table IV and Fig. 3 , the levels of the hepatic total cholesterol and total triglyceride in the MG mice increased Table III . The biochemical analysis result of blood in NG, MG, EG, ENG and DG after 16-day treatment. Crea, creatinine; TP, total protein; ALB, album; GLOB, globin; A/G, album/globin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TG, total triglyceride; TC, total cholesterol; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol. Table IV . The influence of electroacupuncture on hepatic total cholesterol and total triglyceride. ---------------------------------------------------------------------------------------------------- - Table V . The differentially expressed genes with known functions in MG mice compared with NG mice. 
Global gene expression profiles on EA-treated livers.
The effects of EA or simvastatin treatment were further evaluated by cDNA microarray analysis, where >16,000 genes were examined simultaneously. The global expression profiling showed distinct expression patterns in the different groups of mice. For example, many significantly expressed genes in the MG group were related to metabolism (Table V , Fig. 4) ; while in the EA at ST40 group (EG group) they were related to signal transduction (Table VI, Fig. 5 ). In the ENG mice (Table VII , Fig. 6 ) many of the significantly expressed genes were of unknown functions, and in the DG mice, many were related to immunity (Table VIII, Fig. 7 ).
Verification of EA-affected gene expression by real-time PCR.
To confirm the microarray results, we performed realtime quantitative RT-PCR on two genes whose expression was similarly affected in both the EG and the DG mice, secretary leukocyte protease inhibitor (SLPi) and growth 
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Differentially expressed genes with known functions in MG mice compared with NG mice. The ratio value <0.5 indicates the gene expression was up-regulated in the MG mice compared with NG mice; the ratio value >2 indicates the gene expression was down-regulated in the MG mice compared with NG mice. differentiation factor 15 (Gdf15). In addition, the expression of 10 other genes involved in cholesterol metabolism in the liver was also verified in order to get insight into the molecular mechanism of the effect of EA or simvastatin on cholesterol 
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-----------------------------------------------------------------------------------------------------
Part of the differentially expressed genes with known functions in EG mice compared with MG mice. The ratio value <0.5 indicates the gene expression was down-regulated in the EG mice; the ratio value >2 indicates the gene expression was up-regulated in the EG mice compared with MG mice. 
----------------------------------------------------------------------------------------------------Ratio GB_accession Definition Function -----------------------------------------------------------------------------------------------------
The differentially expressed genes with known functions in ENG mice compared with MG mice. The ratio value <0.5 indicates the gene expression was down-regulated in the ENG mice; the ratio value >2 indicates the gene expression was up-regulated in the ENG mice.
- Genes were grouped into these categories according to the Gene Ontology Consortium (http://www.geneontology.org/). Table VIII . The differentially expressed genes with known functions in DG mice compared with MG mice. 
The differentially expressed genes with known functions in DG mice compared with MG mice. The ratio value <0.5 indicates the gene expression was downregulated in the DG mice; the ratio value >2 indicates the gene expression was up-regulated in the DG mice.
- Table IX . Verification of genes from microarray results by real-time RT-PCR using GAPDH as internal standard. 
----------------------------------------------------------------------------------------------------
The result of the quantitative PCR in the MG, NG, EG, and DG samples is shown in Table IX and Fig. 8 . In short, the real-time quantitative RT-PCR results were consistent with those of the microarray analysis.
Comparison of molecular mechanisms of liver cholesterol metabolism between the EG and DG treatment.
To further address possible mechanisms by which EA at ST40 exerts a hypocholesterolemic effect, we investigated the expression pattern of several key players in cholesterol metabolism, and compared it with that in the DG mice. LXR· (22) encodes liver X receptor ·, a nuclear receptor that functions as a cholesterol sensor and stimulates CYP7·1 expression to convert excess cholesterol to bile acids in response to high cholesterol. LXR· is a potential therapeutic target for lowering serum cholesterol levels and preventing atherosclerosis (23) . The LXR· mRNA levels in the MG mice were 1.88-fold of those in the NG mice, probably resulting from the response to the high cholesterol diet. Compared with those in the MG mice, LXR· mRNA levels were 0.83-fold and 0.39-fold in the EG and DG mice, respectively, suggesting that EA at ST40 could maintain high LXR· expression, while simvastatin could not.
CYP7A1 encodes cholesterol 7· hydroxlase, an enzyme that catalyzes the rate-limiting steps in conversion of cholesterol to bile acids (24) . The enzyme is regulated predominantly at the transcriptional level, indicating that mRNA levels are a good reflection of protein levels (24) . Interestingly, whereas the expression of the CYP7A1 gene in the EG mice was upregulated 1.33-fold compared with the MG mice, it was down-regulated (0.66-fold) in the DG mice compared with the MG mice. It indicated that EA at ST40 could induce CYP7A1 gene expression but simvastatin could not.
FXR, farnesoid X receptor, acts as a bile acid receptor, maintaining homeostasis in response to increased bile acid levels by repressing genes involved in bile acid synthesis (25) . FXR antagonists can induce bile acid synthesis and lower the plasma cholesterol (25) . FXR mRNA levels were reduced~5 0% in the DG mice compared with the MG mice, whereas in EG they were unchanged. Thus, simvastatin suppressed the FXR gene expression while EA did not. We also measured the expression level of one of the canalicular membrane proteins involved in hepatobiliary excretion, the bile salt export pump (BSEP; also known as sister of P-glycoprotein, Spgp). BSEP (26) is a member of the ABC transporter family and mediates ATP-dependent bile acid efflux from the canalicular membrane, which is considered the rate-determining step in bile acid secretion (27) . Under the high cholesterol diet, the BSEP mRNA levels were reduced >50% in the MG compared with the NG. Treatment by simvastatin elevated the expression of BSEP back to the normal level, whereas EA at ST40 had no effect on BSEP expression.
Distinct transporters on the sinusoidal membrane mediate hepatic bile acid uptake from the enterohepatic circulation by sodium-dependent and sodium-independent processes. We thus examined expression levels of two of these transporters: the sodium/taurocholate cotransporting polypeptide (28) (NTCP) and the mouse homologue of the liver-specific organic anion transporting polypeptide-1 (29) (OATP-1). The high cholesterol diet reduced expression of both genes, modestly on NTCP and dramatically on OATP-1 (2.2-fold and 30.6-fold in NG than in MG, respectively). Treatment of either EA at ST40 or simvastatin further albeit slightly reduced NTCP expression level. On the other hand, the OATP-1 expression level in the DG was elevated, 1.61-fold higher than that in the MG, whereas in the EG it was unchanged.
We also attempted to measure the expression of HMGcoA reductase (Hmgcr), the rate-limiting enzyme in synthesizing cholesterol (30) . Simvastatin, an analog of the cholesterol precursor, functions by competitively inhibiting the activity of HMG-coA reductase. Given that the expression of HMG-coA reductase was suppressed by the high cholesterol diet, it was no surprise that we failed to detect this gene expression in the microarray studies. According to the result of real-time quantitative PCR, however, the expression of HMG-coA reductase was unchanged in all groups. This is consistent with the fact that the regulation of activity of HMG-coA reductase is not at the transcriptional level (25) .
The low-density lipoprotein receptor (LDLR) uptakes serum cholesterol esters by a low-density lipoprotein (LDL) receptor-mediated endocytosis which is one of the major cholesterol input mechanisms in the liver (25) . The LDLR gene expression decreased in the MG compared with that in the NG, and is further reduced in the DG compared with MG (the DG to MG ratio by quantitative RT-PCR was 0.78). However, its expression did not change between the EG and MG.
The genes whose expression was unchanged after treatments of EA at ST40 or simvastatin included scavenger receptor class B1 (Scarb1) and peroxisome proliferator activated receptor · (PPAR·), as suggested by quantitative RT-PCR. Scarb1 (31) is the high-density lipoprotein receptor that is responsible for taking up high-density lipoprotein cholesterol. PPAR· (32) is expressed in the liver, heart, and adipose tissues, all of which have an active fatty acid ß-oxidation pathway. The activation of PPAR· affects many genes in lipid metabolism. (Table IX) . The value was reduced 4 times so that the expression difference among other genes in one figure could be easily seen.
Two genes, secretory leukocyte protease inhibitor (SLPi) and growth differentiation factor 15 (Gdf15), were influenced to a similar extent in both EG and DG. SLPi is a serine protease inhibitor involved in antineutrophil elastase protection at inflammatory sites (33) . SLPi mRNA levels were elevated in MG by more than 2-fold compared with NG, and were reduced to normal level in DG and EG. Gdf15, one of the murine transforming growth factor ß superfamily members, has a regulatory role in liver injury and regeneration (34) . Gdf15 mRNA levels were reduced in MG by more than 2-fold compared with NG, but returned to normal in DG and EG.
The gene expression differences between EG and DG for these genes are summarized in Figs. 9 and 10, respectively. Taken together, although EA at ST40 and simvastatin both reduced plasma and liver cholesterol levels to a similar extent, our genome-wide expression profile studies suggest that the molecular mechanisms by which the two treatments exert hypocholesterolemic effects are quite different, at least in the liver. The lower cholesterol levels in EG mice are associated with higher expression levels of LXR· and genes encoding bile acid synthetic enzymes such as CYP7A1, whereas in the DG mice they are associated with lower FXR mRNA levels and higher expression levels of genes encoding membrane-associated bile acid transporters (such as liverspecific OATP and BSEP). Interestingly, EA at ST40 and simvastatin treatment had similar effects on the expression of SLPi and Gdf15, and may therefore exert hypocholesterolemic effects by both suppressing the inflammatory reaction and inducing liver cell regeneration.
The gene expression profile analysis presented in this study provides valuable clues for identifying the key regulators involved in the cholesterol mechanism in the liver. However, it does not directly address the question why the plasma cholesterol was reduced after EA at ST40 or simvastatin treatment. To this end, the bile acid levels in plasma and in feces for the different groups of mice should be investigated to compare the direct effect of EA at ST40 or simvastastin treatment.
It is also worth noting that the present study did not test how long the hypocholesterolemic effect lasted after administration of EA at ST40. Experiments are underway to compare the differences in transient or persistent effects between EA at ST40 and simvastatin and the switching to a normal diet after establishment of hypercholesterolemia.
In conclusion, in this study, we found that EA at ST40 could reduce plasma total cholesterol in hypercholesterolmic mice to levels similar to that induced by simvastastin, one Figure 10 . Summary of gene expression differences between DG and MG. Relative hepatic mRNA levels in DG compared with MG liver are indicated for genes involved in cholesterol metabolism. Red shading indicates increased mRNA expression levels in DG compared with MG for proteins involved in bile acid transporters on the sinusoidal membrane (liver specific OATP-1) and bile translocators on the canalicular membrane (BSEP). Blue shading indicates lower levels in DG and includes plasma lipoprotein cholesterol levels, mRNA levels for FXR, CYP7H1, LDLR, and bile acid transporters on the sinusoidal membrane (NTCP). mRNA levels for Hmgcr and Scarbl did not differ between DG and MG (gray shading). Components with no shading have not been quantitated. + and -signs indicate positive and negative regulatory effects, respectively. C, cholesterol; PC, phosphatidylcholine; BA, bile acid; MDR2, multidrug-resistant protein 2; other abbreviations are as described in the text. of the best known cholesterol-lowering drugs. Similar EA stimulation at the non-acupoint location failed to produce such an effect in mice with hypercholesterolemia. Therefore, the hypocholesterolemic effect is specific to EA at ST40 and is not due to general electrical stimulation of muscles. Importantly, our comprehensive gene expression profile analysis suggested that, despite its similar effects compared to those of simvastastin, EA at ST40 lowered cholesterol via different molecular mechanisms. A few of the genes listed in Tables VI, VII are thought to be involved in the pathways affected by EA. Moreover, most of the genes identified by the microarray experiment have not been previously linked to cholesterol metabolism. Although the potential causal role of individual genes remains to be established, the differentially regulated genes identified by the present study can provide more clues as to how EA at ST40 induces hypocholesterolemic effects.
